Abstract: A metal organic framework (MOF) material based on Cu-BTC, which is formed from Cu and benzene-1,3,5-tricarboxylic acid (H 3 BTC), with 1D and 3D structures was synthesized under potential control. Cu-BTC 3D was electrodeposited at an applied potential of 5 V using tetrabutylammonium tetrafluoroborate (TBATFB) as electrolyte during 10-60 min. Hydration showed that the phase structure of Cu-BTC 3D did not change after a short time of immersing in water and that the specific surface area increased from 48 m 2 /g to 371 m 2 /g. In contrast, with a long time of hydration (more than 4 h), Cu-BTC was destroyed and a dehydration process could not recover the Cu-BTC structure.
Introduction
Metal organic frameworks (MOF) are a new materials with many remarkable advantages such as being porous, having a low density, high adsorption ability and high specific surface area, leading to many applications in gas storage, gas separation, gas purification, catalysis, supercapacitors, and electrode materials for batteries [1] [2] [3] [4] [5] [6] [7] . There are hundreds of types of MOF which have been synthesized by many different methods such as the mechanochemical method, solvothermal method, microwave method, chemical method and electrochemical method [1, 6, [8] [9] [10] [11] [12] [13] [14] . Cu-BTC, which is formed from Cu and benzene-1,3,5-tricarboxylic acid (H 3 BTC) is well known and is one of the MOF materials which has been studied by many scientists. We chose to synthesize MOF based on Cu-BTC, by an electrochemical method, since Cu is a common and cheap metal and this method is environmentally friendly, with no use of toxic solvent and a large amount of pure material can be obtained in a short time. Cu-BTC has many applications, namely in gas storage (hydrogen [1] , methane, carbon dioxide [15] ), gas separation [15] , supercapicitors [2] , catalysis [4, 5] and sensors [13] . Electrochemical methods, namely with applied current, applied potential or scanning potential processes, can be used to synthesize MOF. The morphology, structure and properties of MOF are affected by many factors in the synthesis process such as the organic ligand, the nature of metal ion, the solvent, temperature, pH, synthesis time, electrolyte and Cu-BTC treatment process such as a hydration process [12, 15] . Some research has shown that synthesized Cu-BTC has a small specific surface area or is unstable in water and that a hydration step can increase the Brunauer, Emmett and Teller (BET) specific surface area. This paper presents results obtained by the investigation of the effects of the electrolyte, the synthesis time, the hydration process and dehydration process on the morphology, structure, specific surface area and stability in water of MOF based on Cu-BTC synthesized by applying a controlled potential.
Materials and methods
Cu-BTC material was synthesized by applying a potential of 5 V/saturated calomel reference electrode (SCE) in a three electrode electrochemical cell containing 80 ml of a solution with a composition as follows: Table 1 . The Cu electrode was mechanically polished by abrasive paper 400, 800, 1200 (Japan), rinsed by distilled water and solvent. The electrochemical experiments were conducted with Autolab equipment (AUT71290, Netherland).
The characteristic groups of Cu-BTC were identified by Fourier transform infrared spectroscopy in the range of wave numbers from 400 cm −1 to 3000 cm −1 with a NEXUS 6700 (Nicolet) equipment (USA), and the morphology was studied by SEM S4800 (Hitachi, Japan). The specific surface area of Cu-BTC was determined by the BET method using a Micromeritics TriStar 3000 V6.07A (USA). The thermal property of Cu-BTC was analyzed by the thermogravimetric analysis (TGA) method (DTG-60H, USA). From the X-ray diffraction pattern (Siemens D5000 Bruker, Germany), the phase structure of Cu-BTC and the distance between crystal planes d is determined. Cu-BTC 1D has a monoclinic structure [16] , Cu-BTC 3D has a faced-centered cubic structure [6, 17] with a = b = c and α = β = γ = 90°, and from the Miller index (hkl) of Cu-BTC 3D, we can determine the lattice parameter a following Eq. (1):
3 Results and discussion Figure 1 presents the current intensity as a function of time during the synthesis process of Cu-BTC at 5 V/SCE in solution containing methanol + H 3 BTC 0.05 M + TBATFB 0.05 M (DD2). At the beginning, the current increases quickly due to the formation of copper ions on the electrode surface; after that, the current reaches a stable value at 0.420 A corresponding to the synthesis process of Cu-BTC. The IR spectrum of H 3 BTC (Figure 2) shows the appearance of the peaks at 1720 cm Phase structure analysis results ( Figure 3) show that synthesized Cu-BTC has a 3D structure which is identified at 2θ: 6.7°, 9.5°, 11.6°, and 13.5°. To form the 3D structure, H 3 BTC needs to be deprotonated totally and the formed Cu 2+ ions to react with all of the three carboxylate groups. Thus, when dissolving in methanol, TBATFB, H 3 BTC was fully deprotonated. The IR spectrum of Cu-BTC shows a peak at 1240 cm −1 characteristic for the vibration of O-H groups. So, we can conclude that the obtained Cu-BTC still has impurities. In details, C 3 H 5 CuO 2 was observed in the X-ray diffraction pattern at 2θ = 24.1°. However, the content of impurities is little, as shown by the low intensity of the diffraction peak corresponding with C 3 H 5 CuO 2 . From the X-ray diffraction pattern, lattice parameter a = 26.486 Ǻ was calculated [16] .
Electrodeposition of Cu-BTC

Influence of electrolyte
Solutions to synthesize Cu-BTC have a small conductivity and an electrolyte has to be added. In this part, we examine the influence of electrolyte NaNO 3 and TBATFB on the morphology and phase structure of Cu-BTC synthesized in methanol at an applied potential of 5 V. Figure 4A presents IR spectra of Cu-BTC synthesized in a solution containing NaNO 3 or TBATFB. The results show characteristic peaks for the vibration of groups in Cu-BTC ( Table 2 ). The X-ray diffraction patterns ( Figure 4B ) indicate that, when using NaNO 3 , the obtained Cu-BTC has a 1D structure corresponding to 2θ = 9.3°, 10°, 11°, and 11.31°. With TBATFB, the synthesized Cu-BTC has a 3D structure with formula Cu 3 (BTC) 2 and characteristic values 2θ = 6.6°, 9.4°, 11.6°, and 13.2° shown in Table 3 [11] . The deprotonation of H 3 BTC in solution was caused by the OH − group of methanol. In addition, the two electrolytes NaNO 3 and TBATFB are soluble in methanol and generate two anions: NO 3 − and BF 4 − , respectively. These ions do not only increase the conductivity of solution but also have a nucleophilic property and an H 3 BTC deprotonation ability. Due to the stronger nucleophilic property of BF 4 − compared to NO 3 − , H 3 BTC was fully deprotonated in solution containing From the X-ray diffraction pattern, the lattice parameter (a) of Cu-BTC 3D can be determined following Eq.
(1), and the data are shown in Table 3 . The lattice parameter (a) varies in the range 26.44-26.78 Ǻ, suitable with the result of Wojciech et al. [17] (26.346 Ǻ). Figure 5 presents scanning electron microscopy images of Cu-BTC synthesized at 5 V with TBATFB or NaNO 3 . Cu-BTC has a nonuniform block shape with size from 50 nm to 900 nm when synthesized in solution containing TBATFB ( Figure 5A ). In the presence of NaNO 3 , the obtained Cu-BTC has a plate shape with large sizes from 100 nm to 3 µm ( Figure 5B ).
Influence of electrodeposition time
Electrodeposition time can affect the morphology and phase structure of Cu-BTC. Long synthesis time is advantageous for the growth of single crystals. Figure 6 presents X-ray diffraction patterns of Cu-BTC synthesized in DD2 during different times. All the characteristic peaks of Cu-BTC 3D structure can be observed (Table 4 ). This result shows that the electrodeposition time does not affect the phase structure of Cu-BTC 3D.
From the X-ray diffraction pattern, the lattice parameter (a) of Cu-BTC with different synthesis times can be calculated (Table 5) . When the reaction time increases, the lattice parameter (a) increases slightly and the size of crystal rises.
To study the effect of the reaction time on the formation of Cu-BTC 1D, we electrodeposited Cu-BTC in DD1 with an applied potential of 5 V/SCE during 10 min and 60 min. The X-ray diffraction patterns of Cu-BTC synthesized in DD1 with different times are shown in Figure 7 .
When the electrodeposition time was 10 min, Cu-BTC 1D was obtained with characteristic peaks at 2θ = 9.23°, 9.9°, 10.9°, and 13.5°; in addition, there were peaks of C 3 H 5 CuO 2 . However, for a long synthesis time (60 min), the product is not Cu-BTC, but a mixture of other compounds of copper: C 8 dried at 40°C (1) and other parts were immersed in water during different times: 0 min (2), 20 min (3), 30 min (4), 4 h (5), 13 h (6), 18 h (7) and 24 h (8) . Thereafter, the samples were put in a vacuum for drying at room temperature, and pressure 250 mBar during 24 h. We observed that: Cu-BTC expands after immersing in water. The hydration step can increase the specific surface area, the size and the volume of the pores of Cu-BTC, but it can lead to a reaction of water with open copper sites and change the phase structure of Cu-BTC when the hydration time is long enough [18] . Figure   8 presents IR spectra of Cu-BTC with different hydration times. In general, IR spectra have similar shapes, with the appearance of characteristic peaks for the vibrations in molecular Cu-BTC as shown in Table 2 . X-ray diffraction patterns of Cu-BTC immersed in water ( Figure 9) show that the hydration process affects the phase structure of Cu-BTC. Cu-BTC after filtering, rinsing, drying at 40°C (1) pattern d values at 2θ values corresponding to different (hkl) planes, the lattice parameter (a) of Cu-BTC 3D can be calculated (Table 6) . These values are in agreement with the lattice parameter value 26.346 Ǻ of Wojciech et al. [17] . However, when the product is immersed in water during longer times: 4 h, 13 h, 18 h and 24 h, the phase (Table 7) were, however, observed.
To confirm the effect of the hydration process on the specific surface area, Cu-BTC 3D and Cu-BTC 3D synthesized at applied potential 5 V/SCE during 10 min were hydrated during 20 min and their specific surface area was determined by the adsorption of nitrogen (N 2 ). Figure 10A and B present the N 2 adsorption isotherm curves of Cu-BTC 3D and Cu-BTC 3D hydrated during 20 min. The adsorption and desorption curves nearly match, therefore Cu-BTC may be considered as a type of microcapillary material. The specific surface area was determined from BET curves in the relative pressure range from 0.05 to 0.21 (Figure 10C and D) . Cu-BTC 3D hydrated during 20 min has a specific surface area of 371 m 2 /g, 7.6 times higher than Cu-BTC without hydration treatment.
Cu-BTC 3D synthesized in DD2 at an applied potential of 5 V/SCE during 10 min and immersed in water during 20 min shows a good thermal stability as shown by a TGA measurement performed in a range of temperature from 25°C to 600°C in atmosphere with a rate of 5°C/min ( Figure 11 ).
These plots show three different parts: Part 1: a first mass decrease (9.4%) between 50°C and 90°C, an exothermal process that shows the loss of physical water. Part 2: between 100°C and 200°C, an exothermal process corresponding to the water lost in the structure of MOF with mass decrease of 11.3%. Part 3: above 200°C, the MOF structure starts to be destroyed (52.8%). The mass loss is completed at 350°C, with an endothermic process corresponding to the phase transition to Cu 2 O and CuO. After that, the sample is stable until 600°C and the remaining part is 26.57% [8] , slightly higher than the value of 24% for Cu 2+ in molecular Cu-BTC 3D [7] .
Influence of dehydration process
The hydration process of Cu-BTC 3D can increase the specific surface area and the volume of pores. However, it can also change the phase structure of Cu-BTC as shown in part 3.4. Therefore, we investigated if the dehydration step was able to recover the initial phase structure of Cu-BTC. After hydration step of 4 h, the Cu-BTC 3D sample was dehydrated by drying at 110°C during 24 h. The X-ray diffraction pattern of the dehydrated Cu-BTC is shown in Figure 12 . The pattern shows that the phase structure of Cu-BTC 3D cannot be recovered by the drying process. This result is agreement with literature.
Conclusion
Cu-BTC 1D and 3D were successfully synthesized potentiostatically by applying a controlled potential of 5 V/SCE. The 1D structure was obtained with NaNO 3 as the electrolyte and a block 3D structure was electrodeposited in solution containing TBATFB. Cu-BTC 1D is unstable; its structure was destroyed after 60 min reaction. In contrast, Cu-BTC 3D was not destroyed during 60 min electrodeposition. Cu-BTC is not stable in aqueous media and specific surface area is not high. Therefore, for applications of Cu-BTC, research to improve the stability and specific surface area of Cu-BTC needs to be continued.
